), and analysed by 3D-SIM. Interphase, prophase, prometaphasemetaphase, anaphase and telophase-G1 centrioles are shown. Only 19% (n = 90) of interphase centrosomes have an Ana1 signal on the daughter centriole, suggesting that Ana1 is recruited to the daughter in late interphase. M, mother centriole; D, daughter. (b) Centrioles immunostained to reveal Dplp (red), DNA (not shown) and Sas-6, Ana2 or Sas-4 (green). Sas-6, Ana2 and Sas-4 appear on both mother and daughter centrioles in most interphase centrosomes (100%, 95% and 92%, respectively), indicating their early loading onto the daughters. n = 30, 43 and 40 centrosomes. (c) Localization of endogenous Cep135 throughout the cell cycle. 33% (n = 93) of interphase centrosomes have a Cep135 signal on the daughter. See Supplementary Fig. 1b for DNA staining. (d) Centrioles immunostained to reveal Ana1 (green), Cep135 (red) and DNA (not shown). Only 10% (n = 70) of interphase centrosomes show earlier (less distinct) loading of Cep135 to the daughter than Ana1, indicating a close temporal recruitment of these two. (e) Localization of endogenous Asl throughout the cell cycle. Asl starts to load on the daughter from prophase, when 52% (n = 82) of centrosomes show an Asl signal on the daughter. See Supplementary Fig. 1c for DNA staining. (f) Centrioles immunostained to reveal Ana1 (green), Asl (red) and DNA (not shown).
Recruitment of Asl to the daughter happens later than Ana1. All scale bars, 500 nm.
is key for centriole-to-centrosome conversion in both Drosophila and humans. Our findings thus account for the final stages in the assembly of the daughter centriole that convert it into a mature mother able to duplicate.
RESULTS
Sequential loading of Cep135, Ana1 and Asl in centriole-to-centrosome conversion
To gain an understanding of centriole-to-centrosome conversion, we applied three-dimensional structured illumination microscopy (3D-SIM) to determine the sequential recruitment of centriolar proteins critical for duplication. Dplp is not required for centriole duplication 29 and served as a zone III marker. We found that Cep135, Ana1 and Asl were recruited to the daughter centriole as it matured: Ana1 was on mother centrioles in all interphase cells but only on a small proportion of daughters (19%, n = 90, Fig. 1a and Supplementary  Fig. 1a ), suggesting its recruitment in late interphase. In contrast, Sas-6, Ana2 and Sas-4 were associated with both mother and daughter centrioles in virtually all interphase cells ( Fig. 1b ), in accord with their roles in early centriole duplication. Ana1 remained associated with daughter centrioles throughout prophase until anaphase, and was on disengaged mother and daughter (now new mother) centrioles in telophase-G1 ( Fig. 1a ). Cep135 recruitment followed a similar pattern ( Fig. 1c and Supplementary Fig. 1b ). Of those interphase centrosomes in which Cep135 could be detected on daughters, 65% (n = 20) also had Ana1. The remaining 35% had weak Cep135 staining but no detectable Ana1 (Fig. 1d ). Thus, Cep135 seems to load slightly ahead of Ana1. Asl was first detected on daughter centrioles from prophase onwards (52%, n = 82), and formed a complete ring by prometaphasemetaphase, hence ahead of the gradual recruitment of Dplp ( Fig. 1e and Supplementary Fig. 1c ) and the loading of Ana1 (Fig. 1f ). Together Cep135, Ana1 and Asl load sequentially onto the daughter centriole from late interphase to early mitosis.
Cep135, Ana1 and Asl extend from inner to outer centriole
To add a spatial dimension to the above temporal framework we tagged Cep135, Ana1 and Asl at their amino or carboxy terminus with GFP for constitutive expression in D.Mel-2 cells. All showed centrosomal localization except for GFP-Asl, which we later replaced by Flag-Asl that did associate with centrosomes. Each tagged protein was able to rescue centriole duplication following depletion of its endogenous counterpart ( Supplementary Figs 2a and 3) . Strikingly, the three proteins each extended across different centriolar zones ( Fig. 2a-d ).
The C-terminal Cep135 tag occupied a dot in zone I (see also ref. 9) whereas its tagged N terminus lay at the border of zones I and II as a ring (61 ± 11 nm radius). The N-terminal Ana1 tag occupied a relatively smaller ring (49 ± 10 nm radius) suggesting that Ana1 and Cep135 partially overlap. The C-terminal Ana1 tag exhibited a ring of 107 ± 9 nm radius in zone II, and immunostaining with an antibody against the middle part of Ana1 (amino acids 622-981; Fig. 1a and Supplementary Fig. 2a ) revealed an intermediate ring of 94 ± 10 nm radius. Together, these results suggest that Ana1 has an extended linear arrangement in the centriole. The C terminus of Asl occupied a similar position to the Ana1 C terminus (117 ± 12 nm radius), whereas the N-terminal Asl tag occupied a ring of radius 182 ± 16 nm within zone III (see also ref. 7). To visualize the extended structure of each protein within a single centriole, we constitutively expressed GFP-tagged Cep135, Ana1 or Asl and immunostained with antibodies against the opposite end of the respective protein (anti-Cep135-C (ref. 30); anti-Ana1-C, amino acids 1400-1729; anti-Asl-N, amino acids 1-300). Line scans of the double end-labelled molecules showed that each had an extended configuration within the same centriole ( Fig. 2e ). Cep135, Ana1 and Asl also seemed to have their overlapping termini localized to successively increasing radial positions in the elongated centrioles and basal bodies of Drosophila spermatocytes ( Fig. 2f ; see also refs 9,31) . Thus, together Cep135, Ana1 and Asl span from the inner-to the outer-most part of Drosophila centrioles both in cultured cells and spermatocytes.
Ana1 provides a molecular linkage between Cep135 and Asl
The overlapping localization and the sequential recruitment of Cep135, Ana1 and Asl led us to ask whether they are physically linked. We approached this in three ways. First, we examined whether Ana1 could interact with Cep135 or Asl directly in vitro. We purified and immobilized recombinant MBP-tagged Ana1 and determined whether it could bind 35 S-methionine-labelled Cep135 or Asl synthesized by in vitro transcription-translation (IVTT). This revealed direct and specific binding of MBP-Ana1 to Cep135 and Asl ( Fig. 3a ). Second, GFP-Trap pulldowns from D.Mel-2 cells co-expressing GFP-Ana1 and Flag-tagged Cep135 or Asl revealed specific interactions between Ana1 and both Cep135 and Asl (Fig. 3b ). Third, we co-expressed Ana1 with either Cep135 or Asl at levels higher than required for their centriole incorporation and observed the supramolecular structures that they formed in the cytoplasm (Fig. 3c ). Ana1 typically formed small globular bodies by itself whereas when co-expressed with Cep135, it co-localized into bundles typical of Cep135 overexpression. When Ana1 was co-expressed with Asl, they co-localized in structures typical of overexpression of Asl alone. Thus, Ana1 is able to complex with either Cep135 or Asl in the cytoplasm. We then examined whether Ana1 could bridge Cep135 and Asl to give a trimeric complex ( Fig. 3d ). When we co-expressed only Cep135 and Asl in cells, they formed characteristic independent assemblies. However, co-expression with Ana1 brought the three molecules into the same complex, indicating that Ana1 can link Cep135 and Asl. We further analysed the complex formed between GFP-Cep135, Asl-mRFP and Ana1-Flag on a glycerol gradient ( Fig. 3e ). GFP-Cep135 and Asl-mRFP perfectly co-sedimented in the presence of exogenous Ana1, suggesting that they are parts of a common assembly. In contrast, when only GFP-Cep135 and Asl-mRFP were co-expressed, they sedimented as distinct peaks providing further proof that Ana1 is needed to link these molecules.
To determine which part of Ana1 was required for centrosomal localization we transiently expressed its GFP-tagged N-or C-terminal truncations ( Fig. 4a,b ). The N-terminal part (Ana1-N, residues 1-935) showed robust centrosome association whereas the C-terminal part (Ana1-C, residues 756-1729) spread diffusely throughout the cytoplasm. We then examined which part of Ana1 would interact with Cep135 and Asl ( Fig. 4c,d ). Cep135 co-localized with the N-terminal but not the C-terminal part of Ana1 whereas Asl co-localized only with the C-terminal part of Ana1. Reciprocally, Ana1 co-localized with N-terminal Cep135 (Cep135-N, residues 1-510) and C-terminal Asl (Asl-C, residues 531-994; Fig. 4c,e ). Thus, the ability of the Exo. Ana1 3 5 S -S a s -6 3 5 S -C e p 1 3 5 3 5 S -A s l 3 5 S -S a s -6 3 5 S -C e p 1 3 5 3 5 S -A s l 3 5 S -S a s -6 3 5 S -C e p 1 3 5 3 5 S -A s l N-terminal part of Ana1 to localize to centrosomes is consistent with the association with Cep135. In parallel, we carried out GFP-Trap pulldowns from cell lysates co-expressing GFP-Ana1-N or -C with either Flag-Cep135 or Flag-Asl ( Fig. 4g ). This showed that Ana1-N interacted with Cep135 and Ana1-C with Asl. Similarly, we confirmed the interaction between Ana1 and Cep135-N and Asl-C, respectively ( Fig. 4h,i) . Thus, the physical interactions between the terminal regions of Cep135, Ana1 and Asl accord with their overlapping distributions revealed by 3D-SIM ( Fig. 4f ), indicating that the three proteins form an extended network. Mel-2 cells were transiently co-transfected with GFP-tagged Ana1 fragments and Flag-tagged Cep135 or Asl (g), GFP-tagged Cep135 fragments and Ana1-Flag (h), or GFP-tagged Asl fragments and Ana1-Flag (i). Extracts were then subjected to GFP-Trap purification, and input and purified proteins (bound) were analysed by western blotting. α-Tubulin (α-tub) served as the loading control in h and i. Note: Ana1 specifically binds Cep135-N through its N-terminal part, and Asl-C through its C-terminal part. Unprocessed original scans of blots are shown in Supplementary Fig. 6 . All scale bars, 5 µm.
Ana1 loads Asl in centriole-to-centrosome conversion
The outer-most component of the above network is Asl, which in Drosophila is solely responsible for recruiting Plk4 (ref. 25) , the master regulator of centriole duplication. Accordingly, when Asl was depleted from cultured cells, most centrioles (86%, n = 28) did not harbour Sas-6 at a site for pro-centriole formation ( Fig. 5a ; 100% control cells have Sas-6 on both mothers and daughters, Fig. 1b, n = 30) . Thus, loading of Asl onto the daughter seems to be required for subsequent duplication. This accords with the ability of anti-Asl antibody to block the loading of Asl onto daughters in Drosophila embryos so that when daughters disengage from mothers, they fail to incorporate new Sas-4 (ref. 26) . To next address whether Ana1 was required to recruit Asl to daughter centrioles, we depleted Ana1 from cells and confirmed that it led to a reduction of centrosome numbers ( Supplementary Fig. 4a,b ) as reported previously 27, 28 . Electron microscopy showed no obvious changes to the diameter, length or symmetry of residual centrioles in Ana1-depleted cells; we also observed successful disengagement of mother and daughter centrioles in an anaphase cell ( Supplementary  Fig. 4c ). Interestingly, serial electron microscopy sections revealed that Ana1-depleted centrosomes were devoid of daughter centrioles ( Supplementary Fig. 4d, upper panel) . Random electron microscopy sections from Ana1-depleted cells revealed significantly more single centrioles compared with wild-type cells ( Supplementary Fig. 4d , lower panel). Thus, Ana1 depletion seems not to affect assembly of the walls of daughters but prevents their maturation to become mothers. We then selected cells with a single centrosome (marked with Dplp) indicating compromised duplication, and found that they all had Ana1 on the mother but not on the daughter during metaphase when it should have been recruited (Fig. 5b ). Most of these centrosomes had Sas-6, Ana2 and Sas-4 associated with both mother and daughter centrioles ( Fig. 5c ), suggesting that the initial steps of duplication were not affected. Asl was associated only with mother and not daughter centrioles in all metaphase and anaphase centrosomes (Fig. 5d , left and central part). In the absence of Ana1, Sas-4 was present on the metaphase daughter centrioles whereas Asl was not ( Fig. 5d , right part). This suggests that Ana1, and not Sas-4, recruits Asl in centrioleto-centrosome conversion. We found that Dplp failed to localize to metaphase daughter centrioles after depletion of Ana1 (Fig. 5d , left part), and another PCM marker, γ-tubulin, failed to load on disengaging daughters (Fig. 5e ). This suggests that PCM recruitment is also affected by Ana1 depletion.
To determine whether this loading pathway operates in the fly, we examined the ana1 mecB mutant that has a premature stop codon at residue 1120. Such flies are uncoordinated, sterile and lack the giant spermatocyte centrioles 32 . Western blotting and immunostaining revealed depletion of Ana1 in the mutant testes ( Fig. 6a,b ) and recruitment of Asl and Dplp was greatly reduced (Fig. 6c ), confirming that Ana1 is required for the correct recruitment and (or) maintenance of Asl and Dplp at the centrosome. As in cultured cells, Sas-4 was not obviously affected and could be used as a marker of spermatogonial centrosomes.
Co-dependency of Cep135 and Ana1
We then depleted Cep135 from D.Mel-2 cells to assess its role in the hierarchy and found centrosome loss as previously reported 28, 33 . This also impaired recruitment of Ana1 and Asl to the daughter centriole (73% of centrosomes lacked Ana1 at the daughter and 78% lacked Asl, n = 67 and 18; Fig. 5f ). Depletion of Ana1 in turn affected Cep135 recruitment (Fig. 5g ) pointing to the importance of Cep135-Ana1 interaction in the first stage of conversion. The requirement of Cep135 for centriole duplication in Drosophila cultured cells (both D.Mel-2 and S2) seems to go against the finding that Cep135 mutant flies show few centriole defects [30] [31] [32] [33] [34] . However, we noted that the mutant used in these studies (bld10 c04199 ) is predicted to retain the N-terminal 369 amino acids 30 . Indeed, using an antibody generated against the N-terminal part of Cep135 we observed depletion of fulllength protein and generation of a fragment that accorded with the predicted truncation in testes extract from bld10 c04199 mutant flies ( Supplementary Fig. 2b ). This suggests that it would be prudent to generate a null allele at this locus to re-examine the role of Cep135 at the centriole in the whole organism.
Physical interactions of Cep135, Ana1 and Asl enable centriole-to-centrosome conversion
We then showed that full-length transgenic GFP-Ana1, but neither of its N-terminal or C-terminal parts, could support the loading of Asl onto the daughter centriole following endogenous Ana1 depletion (Fig. 7a) . Consistently, only full-length GFP-Ana1 was able to rescue centriole duplication following the depletion of endogenous Ana1 (Fig. 7b ). Together this accords with a requirement for one end of Ana1 to bind Asl and the other to provide a link to internal centriole components.
To test the hypothesis that Ana1 provides a molecular link, we asked whether we might re-engineer this molecular network in alternative ways. We therefore replaced the N-terminal segment of Ana1 with a GFP-binding protein (GBP; ref. 35 ) and co-expressed it with N-terminally GFP-tagged Cep135 (GFP-Cep135, Fig. 7c ). This enabled the C-terminal part of Ana1 to localize to the centrosome rather than throughout the cytoplasm ( Supplementary Fig. 5a ). We then established cell lines constitutively expressing GFP-Cep135 and depleted endogenous Ana1 while inducing GBP-Ana1-C-mRFP or Ana1-C-mRFP ( Supplementary Fig. 5b ). Ana1-C-mRFP failed to support centriole duplication after endogenous Ana1 depletion whereas GBP-Ana1-C-mRFP restored centrosome numbers ( Fig. 7d and Supplementary Fig. 5c ). Sas-4, Dplp and Spd-2 were normally distributed on these centrioles, which actively undertook duplication (indicated by Sas-4 on the daughter) and PCM recruitment in mitosis (indicated by Spd-2; Fig. 7e ). Electron microscopy revealed that centrioles in cells expressing GFP-Cep135 and GBP-Ana1-C-mRFP with or without endogenous Ana1 had the same symmetry and diameter as those in control cells (Fig. 7f,g) and were able to undergo duplication (Fig. 7f ). Asl was recruited to zone III of the rescued centrioles and occupied a ring similar in diameter to that in normal D.Mel-2 centrioles (Fig. 7h,i) . In parallel, we depleted endogenous Ana1 from cells expressing a combination of C-terminally GFP-tagged Cep135 (Cep135-GFP) and GBP-Ana1-C-mRFP. This gave some rescue of centriole duplication but at a remarkably lower efficiency (Fig. 7j) . The diameter of the Asl ring in these cells was significantly decreased as Cep135-GFP brought Asl to a more inner part of the centriole (Fig. 7h,i) . Together, these results indicate that the N-terminal part of Ana1 provides a physical linkage to internal centriole components that can be replaced through the molecular Ratio of Cep135 (daughter/mother) * * transplantation of interacting domains. The C-terminal part of Ana1, on the other hand, is required to recruit Asl. Thus, Ana1 provides a molecular link between the inner and outer parts of the centriole that allows Asl to be recruited to the daughter at an appropriate radial position giving it the ability to duplicate.
Conserved mechanism of centriole-to-centrosome conversion in human cells
To investigate whether the mechanism for centriole-to-centrosome conversion was used beyond Drosophila, we first studied the localization of the human counterparts of Cep135-Ana1-Asl known as Cep135, Cep295 and Cep152, respectively (Fig. 8a-c) . Cep135 was concentrated at the proximal end of the centriole within the microtubule wall and, occasionally, in an additional ring at the base of the microtubule wall as reported previously 6 . Cep295 closely surrounded the proximal part of the microtubule wall. In agreement with earlier studies 6 , Cep152 extended from the inner PCM just outside the microtubule wall (300 nm diameter; see also Fig. 8c ) to the intermediate PCM (400 nm diameter; see also Fig. 8f, upper panel) . Cep135 and Cep295 were loaded onto daughter centrioles at similarly early stages as their Drosophila counterparts. Moreover, Cep152 localized predominantly on the mother and was not fully recruited onto the daughter until it started to disengage 36, 37 as in Drosophila. Depletion of Cep295 from U2OS cells (overall protein level reduced by 96% on western blot and at the centrosome 73% by immunofluorescence; Fig. 8d,e ) resulted in 30% of G2 cells having one or no centrosomes in accord with earlier reports 4, 38 . Although some cells still had two centrosomes, the new mother failed to load Cep152 (Fig. 8f, middle panel) . Consequently, we observed G2 cells with one doublet indicating successful duplication and one singlet that failed to RNAi * * * * * * * * * Figure 8 The mechanism for centriole-to-centrosome conversion is conserved in human cells. (a-c) U2OS cells immunostained to reveal acetylated tubulin (ac-tub), DNA (by DAPI), and Cep135 (a), Cep295 (b) or Cep152 (c, antibody against C terminus). Centrioles from different stages of the centrosome cycle (engaged, disengaged and undergoing duplication) are shown. Cep135 and Cep295 are recruited onto daughter centrioles (arrowheads) early in centriole assembly; Cep152 is fully loaded only when the daughter disengages from the mother. Cep135 strongly localizes to the proximal end of the centriole within the microtubule wall, and in some cases at the base of the wall (arrows). Cep295 closely surrounds the proximal part of the microtubule wall. (d,e) U2OS cells were transfected with control or Cep295 siRNA, synchronized to G2 and subjected to western blotting (d) or immunostaining for Cep295 and γ-tubulin (e; γ-tub as centrosome marker). Overall Cep295 is reduced by 96% (d, * nonspecific band), and at the centrosome by 73% (e, n = 30 centrosomes each; error bars, mean ± s.d.; * * * P < 0.001 (two-tailed Student's t-test)). (f) U2OS cells were depleted of Cep295, synchronized to G2 and immunostained to reveal ac-tub, Cep152 (antibody against the N terminus) and DNA. Note: the newly disengaged daughter fails to load Cep152 when Cep295 is depleted (middle panel), correlating with failure of duplication (lower panel; arrowhead, daughter centriole.) (g,h) U2OS cells were transfected with control or Cep135 siRNA, synchronized to G2 and subjected to western blotting (g) or immunostaining to reveal Cep135 and γ-tubulin (h). The overall Cep135 level is reduced by 99% (g, * nonspecific band) and at the centrosome by 89% (h, n = 30 centrosomes each; error bars, mean ± s.d.; * * * P < 0.001 (two-tailed Student's t-test)). Overall Cep295 level is not affected by Cep135 depletion (g). (i) U2OS cells were depleted of Cep135, synchronized to G2 and immunostained to reveal ac-tub, Cep152 (antibody against the N terminus) and DNA. The newly disengaged daughter fails to load Cep152 when Cep135 is depleted. (j) U2OS cells treated as in i were immunostained to reveal Cep295 and γ-tubulin. Note: the intensity of Cep295 at the centrosome is reduced by 82% following Cep135 depletion (n = 30 centrosomes each; error bars, mean ± s.d.; * * * P < 0.001 (twotailed Student's t-test)). Scale bars, 5 µm for complete images and 1 µm for magnified centrioles.
duplicate; this correlated with the absence of Cep152 (Fig. 8f, lower  panel) . Thus, Cep295 has a conserved function in loading Cep152 and converting the daughter centriole into a centrosome. Similarly, depletion of Cep135 (overall protein level reduced by 99% on western blot and at the centrosome 89% by immunofluorescence; Fig. 8g ,h) resulted in 38% of G2 cells having only one or zero centrosomes consistent with an earlier report 21 . Cep135 depletion was associated with failure to load Cep152 onto newly disengaged daughters as with depletion of Cep295 (Fig. 8i) , indicating that Cep135 and Cep295 work in a similar pathway to their Drosophila counterparts. Indeed, fluorescence intensity of Cep295 at the centrosome was reduced by 83% after Cep135 depletion (Fig. 8j ) whereas its total amount in cells was not affected (Fig. 8g) . Thus, loading of Cep295 onto centrosomes depends on Cep135 in human cells.
DISCUSSION
Here we account for the final stages in the assembly of daughter centriole that convert it into a mature mother able to duplicate. The newly formed pro-centriole has Sas-6, Ana2 (STIL) and Sas-4 at its core, yet only incorporates Cep135, Ana1 (Cep295) and Asl (Cep152) at later stages. Their sequential recruitment correlates with radial position suggesting that these final stages of assembly occur in layers, from the inside out. Cep135 is the most interior component and in human cells has also been reported to bind Sas-6 (ref. 21) , the main cartwheel component. In Drosophila, the most external component, Asl, is the sole factor known to recruit Plk4 (ref. 25) whereas its human counterpart, Cep152, competes with another Plk4 binding partner Cep192 at the inner centriole to relocate Plk4 to the outer ring 36 . Despite the differences, human Cep152 is key for Plk4 function because loss of Cep152-Plk4 interaction affects Sas-6 recruitment to the pro-centriole assembly site 36, 37, [39] [40] [41] . In both species, Asl or Cep152 binds Plk4 through its N-terminal region that extends outward into zone III as does Plk4 (refs 6,7,9,25,36,37,39,40) . Without loading of Asl or Cep152 onto the daughter, Plk4 could not direct centriole duplication in the next cell cycle.
Our findings allocate a role to Drosophila Ana1, previously known from RNA-mediated interference (RNAi) and mutant studies to be required for centriole duplication 27, 28, 32 . Its human counterpart Cep295-KIAA1731, with 15% similarity in primary sequence 32, 38, 42 , was previously suggested to function in centriole-to-centrosome conversion 4 . We now provide a mechanistic basis for its role in loading Cep152 to the newly disengaged daughter in human just as Ana1 does in Drosophila. It remains possible that once loaded, Asl and Cep152 could interact with other molecules such as Cep63 and Cep192 in human or Sas-4 in Drosophila to be maintained at the centriole 25, 36, 37, [43] [44] [45] .
Together our findings suggest that centriole-to-centrosome conversion involves a cascade of interactions in which Cep135 could be first recruited to Sas-6, permitting the sequential loading of Ana1 (Cep295) and Asl (Cep152) and thereby Plk4. We also demonstrate the high similarity of this process between insect and mammalian cells. Centriole-to-centrosome conversion takes place following a strict timetable during mitosis in which the mitotic kinase, Plk1, has been suggested to play an important role 3 . It seems likely that the protein-protein interactions we describe can be further regulated by phosphorylation both in time and space to control the sequence of events. Unravelling the potential roles of Polo (Plk1) in regulating these interactions will be a fascinating topic for future study.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper cameras, 405, 488, 592.5 nm diode laser illumination, an Olympus Plan Apo N 60× 1.42NA oil objective, and standard excitation and emission filter sets. Imaging of each channel was done sequentially using three angles and five phase shifts of the illumination pattern. The refractive index of the immersion oil (Cargille) was adjusted to minimize spherical aberrations. Sections were acquired at 0.125 µm z steps.
Raw OMX data were reconstructed and channel registered in SoftWoRx software version 5.5 (Applied Precision, GE Healthcare). Reconstructions were carried out using channel-specific optical transfer functions, a Wiener filter of 0.002, and channel specific K0 angles. Optical transfer functions were generated within the SoftWoRx software by imaging 100 nm beads (Life Technologies) using appropriate immersion oils to match the data. Channel registration was carried out using the Image Registration parameters generated within the SoftWoRx software and checked for accuracy by imaging Tetraspeck beads (Life Technologies) and control samples where one primary antibody was labelled with two secondary antibodies. Channel registration was accurate to within one pixel.
To measure the radial distance of different proteins or regions given in Figs 2c and 7i, the line scan and plot profiles of Fiji were applied to centrioles that are perpendicular to the coverslips. The distance between two farthest peak intensities of a ring was defined as the diameter, and radius = diameter/2. Total centriole numbers are stated in the figure legends and s.d. (standard deviation), s.e.m. (standard error of the mean) and P values were determined using Prism 5. To analyse the distribution of signals detected in different channels in Fig. 2e , RGB merged files were subjected to line scan and RGB profiler. To measure the ratio of Cep135 on daughter and mother centrioles in Fig. 5g , the mean intensity was subtracted by the background before being multiplied by area using Fiji and Excel.
All experiments were independently performed three times.
Fluorescence microscopy. D.Mel-2 cells were fixed and immunostained as above.
Microscopic analysis was performed on a Carl Zeiss Axiovert 200M microscope with 40×/1 or 100×/1.4 Plan Apochromat objectives. Images were acquired with a Photometrics Cool SNAP HQ2 camera and the image analysis software Metamorph (v7.7). All experiments were independently performed three times. For co-localization analysis in Figs 3 and 4 , D.Mel-2 cells were co-transfected with the indicated constructs, and plated on concanavalin A (Sigma)-coated coverslips 3 h before fixation. Coverslips were then mounted onto slides using VECTASHIELD mounting medium with DAPI (VECTOR laboratories). Protein localization was observed by native GFP or mRFP signal. In the case of Flag-tagged constructs, cells were immunostained with anti-Flag antibody as described above.
Electron microscopy and data processing. The procedure was described in ref. 48 . Briefly, cultured cells on coverslips were fixed in 4% paraformaldehyde in PBS for 15 min and immersed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 2 h at 4 • C. They were then washed three times for 30 min in phosphate buffer, postfixed with 1% OsO 4 for 1 h at 4 • C, washed once in phosphate buffer, and then in distilled water. Samples were stained for 1 h in uranyl acetate. They were washed again and then dehydrated in a graded series of ethanol and flatembedded in a mixture of Epon and Araldite. After polymerization for 2 days at 60 • C, the coverslips were removed from the resin after a short immersion in liquid nitrogen. Ultrathin serial sections were obtained with a LKB ultratome, stained with uranyl acetate and lead citrate, and observed and photographed with a Philips CM10 electron microscope at 80 kV.
To measure centriole diameters in Fig. 7g and Supplementary Fig. 4c , crosssection images were used and a line was drawn between two opposite B-tubules of the microtubule wall.
